Although studies have linked soy phytoestrogen 4,7,4-trihydroxyisoflavone genistein (GEN) to reduced type 1 diabetes (T1D) risk, the mechanism of dietary GEN on T1D remains unknown. In our studies, adult non-obese diabetic (NOD) mouse model was employed to investigate the effects of GEN exposure on blood glucose level (BGL), glucose tolerance, gut microbiome, and immune responses. Adult male and female NOD mice were fed with either soy-based or casein-based diet, and received GEN at 20 mg/kg body weight by gavage daily. The BGL and immune responses (represented by serum antibodies, cytokines and chemokines, and histopathology) were monitored, while the fecal gut microbiome was sequenced for 16S ribosomal RNA to reveal any alterations in gut microbial communities. A significantly reduced BGL was found in NOD males fed with soy-based diet on day 98 after initial dosing, and an improved glucose tolerance was observed on both diets. In addition, an anti-inflammatory response (suggested by reduced IgG 2b and cytokine/chemokine levels, and alterations in the microbial taxonomy) was accompanied by an altered β-diversity in gut microbial species. Among the NOD females exposed to GEN, a later onset of T1D was observed. However, the profiles of gut microbiome, antibodies and cytokines/chemokines were all indicative of pro-inflammation. This study demonstrated an association among GEN exposure, gut microbiome alteration, and immune homeostasis in NOD males. Although the mechanisms underlying the protective effects of GEN in NOD mice need to be explored further, the current study suggested a GEN-induced sex-specific effect in inflammatory status and gut microbiome.
Introduction
Type 1 diabetes (T1D) is an autoimmune disease in which insulinsecreting pancreatic β cells are selectively destroyed by self-reactive immune responses that are dictated by pro-inflammatory cytokines Badami et al., 2011; Li et al., 2014) . Isoflavones in soy exert weak estrogen-like (i.e., phytoestrogenic) effects, and the major components in the isoflavone family are genistein (GEN), diadzein, and glycitein. GEN is reported to have anti-diabetic functions, especially in type 2 diabetes (Gilbert and Liu, 2013) , and this notion is supported by a number of epidemiological studies (Ding et al., 2016; Nanri et al., 2010) . In contrast, the associations of high soy consumption and risk of T1D are uncertain and intricate, which may depend on the window of exposures and its interaction with the other dietary intake, as epidemiological evidences are limited (Strotmeyer et al., 2004) . The effect of GEN on T1D and glucose regulation has not been fully recognized. However, there have been multiple lines of evidence indicating an association between GEN intake and T1D. GEN administration by gavage reduced the incidence and delayed the onset of T1D in female non-obese diabetic (NOD) adult mouse (Guo et al., 2015; Choi et al., 2008) , a strain that spontaneously develops insulitis and shares many similarities with human T1D (Anderson and Bluestone, 2005) . In addition, our previous studies have shown that GEN decreased blood glucose levels (BGL) in streptozotocin (STZ) -treated male B6C3F1 mice (Guo et al., 2014) , which was due to, at least in part, immunomodulation (e.g., decreased Gr-1 + Mac-3 − neutrophils). In the current study, the animal model we have used is the NOD mouse. NOD females have a T1D incidence rate of 60-80% with an earlier onset than males (Anderson and Bluestone, 2005) . Due to recent advances in molecular biology and DNA sequencing techniques, the gut microbiome has been increasingly subjected to extensive studies. Evidence from both human and animal studies suggests that T1D is originated in the gut, which houses 70% of the body's Toxicology and Applied Pharmacology 332 (2017) [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] immune system (Vighi et al., 2008) , and is associated with a profound dysbiosis, favoring pro-inflammatory microbial communities. The sexspecific autoimmune disease could also be attributed to differences in gut microbiome (Yurkovetskiy et al., 2013) , which prompted us to study if GEN modulation of T1D was mediated by microbiome. As GEN demonstrates a protective effect on T1D in both males (Guo et al., 2014; Zimmermann et al., 2012) and females (Guo et al., 2015; Choi et al., 2008) , we hypothesized that the exposure to GEN in adulthood could: (a) reduce the BGL and insulitis score; (b) lead to an alternation in gut microbiome; and (c) alter the inflammatory status. In addition, sex-specific effect was also expected in the modulation of gut microbiome and immune responses by the phytoestrogen GEN. Our study focused on the association between GEN exposure and BGL from a microbiome perspective, and could be applied as a strategy to evaluate the preventive effects of nutritional products on autoimmune diseases.
Methods

Animal husbandry
NOD mice were initially purchased from Taconic Biosciences (Hudson, NY), and a breeding colony has been maintained in our lab. The mice were housed in the Central Animal Facility located in the College of Veterinary Medicine at University of Georgia (UGA), and kept in standard plastic cages with irradiated laboratory animal bedding (The Andersons company, Maumee, OH), with each cage housing 4-5 mice. The mice were separated from the dams on postnatal day (PND) 21, and were used in this study after reaching sexual maturity (PND 55-60). The cages were maintained at temperature ranged 22-25°C, and relative humidity 50 ± 20 with 12-h light cycles (7:00-19:00). The cages were changed on a bi-weekly basis, or they were changed when the cages became wet because T1D was associated with sanitary conditions. They had free access to water supply from the animal room, and animal procedures were conducted under an animal protocol approved by the UGA Institutional Animal Care and Use Committee (IACUC). The mice were treated humanely, and efforts were made to relieve the suffering (e.g., to avoid excessive handling to lessen the stress).
We have previously found that GEN modulated the immune responses (e.g., IgE production) more when mice were maintained on the soy-based diet than on the soy-free diet (Guo et al., 2005) . Therefore, an initial study was performed using a soy-based diet. A total of forty adult NOD mice (20 males and 20 females) were used for the soy-based diet study. For each sex, the mice were randomized into vehicle control (VH; 25 mM sodium carbonate) and GEN groups according to body weight (BW) and BGL. Starting from PND 55-60, the mice in the GEN groups were gavaged daily with 0.1 mL 10g BW GEN dissolved and sonicated in VH (2 mg GEN/mL) (Guo et al., 2014) , while the VH groups received the same volume of VH daily with 18 G gavage needles. The mice were fed with the soy-based PicoLab Rodent Diet 20 (LabDiet, St. Louis, MO) for 5 months, and the nutrients were described in Table 1 . In addition, the soy-free diet was used to rule out the dietary isoflavone effect. A total of 8 adult NOD males and 10 adult NOD females were equally randomized into VH and GEN groups, and fed with a soy-free diet for 7 months, and they received the same dosing regime as above. The Verified Casein Diet 10 IF, the phytoestrogen-free 5 K96 diet (TestDiet, St. Louis, MO; Table 1 ), is based on the NIH-31 formula, except that casein replaces the protein contributed by soy and alfalfa, and soy oil is replaced by corn oil, to preclude other phytoestrogens that might be present. The 5 K96 diet was assayed for GEN and daidzein after hydrolysis of conjugates. The concentrations of both GEN and daidzein were found to be below the limit of detection (0.5 ppm) (Guo et al., 2002) . The protein, carbohydrates, fat, and total calories are comparable between soy-based and soy-free diets.
Body weight, organ weight, and blood glucose measurement
The BW and BGL were monitored every 1-2 wks. Non-fasting BGL was measured directly in small samples of venous blood (tail nick) using Accu-Chek Diabetes monitoring kit (Roche Diagnostics, Indianapolis, IN) (Guo et al., 2014) . T1D was defined as a BGL higher or equal than 250 mg/dL (Guo et al., 2014) . The mice were euthanized by carbon dioxide (CO 2 ) inhalation after a BGL of 600 mg/dL was detected in 2 consecutive weeks or at the end of study. Individual organs were collected and weighed during necropsy.
Glucose tolerance test (GTT)
GTT, a measurement for the metabolic function of NOD mice, was performed as described (Cui et al., 2015) . The test was conducted 5 months after initial GEN dosing. The mice were fasted for 15 h (Ayala et al., 2010) followed by glucose injection (2 g/kg BW; i.p.). The fasting BW and BGLs, together with BGLs at 15, 30, 60, and 120 min after glucose injection, were measured.
Antibody and insulin measurement by enzyme-linked immunosorbent assay (ELISA)
At the end of each study (8 months for the soy-based diet and 7 months for the soy-free diet), the mice were euthanized by CO 2 inhalation. After euthanasia, the terminal blood was collected by cardiac puncture, centrifuged for serum, and stored at − 20°C. The levels of serum IgG subclasses (including IgG 1 , IgG 2a , IgG 2b ) and IgM were measured using ELISA kits (eBioscience, San Diego, CA). Briefly, capture antibodies (primary antibodies, 1:1000 v/v) were coated on 96-well microtiter plates, and incubated overnight at 4°C. Capture antibodies used in this study were purified goat anti-mouse IgG 1 , IgG 2a , IgG 2b and IgM, respectively. After washing with phosphate-buffered saline (PBS) containing 0.05% Tween-20 (PBST), the wells were blocked with 5% (w/v) milk power (prepared in PBS) at room temperature (RT) for 2 h. After washing with PBST, the diluted samples were added to the microplates and incubated for 2 h at RT. After washing with PBST, horseradish peroxidase (HRP)-conjugated detection antibodies (secondary antibodies) were added to each well and incubated for 1 h at RT. After washing with PBST, the substrate solution (citrate acid tablet and 2,2′-azino-bis, ABTS, Sigma, in PBS) was added into the microtiter plates and incubated for 45 min at RT. The optical density (OD) was read using a microplate fluorescence reader (Synergy 4 Hybrid Microplate Reader, BioTek, Winooski, VT) at a wavelength of 405 nm. Alternatively, the 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Sigma) was used, and the reaction was stopped by adding 2 N sulfuric acid (100 μL/well). The OD was read at a wavelength of 450 nm. The serum insulin levels were measured with the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem, Inc., Downers Grove, IL) following manufacture protocol.
Cytokine/chemokine measurement
The cytokine/chemokine levels in the terminal sera were measured using Multiplex Mouse Cytokine/chemokine Magnetic Bead Panel Kit 96 Well Plate Assay (Cat. No. MCYTOMAG-70K, EMD Millipore, Billerica, MA). These cytokine/chemokines include granulocyte-colony stimulating factor (G-CSF), EOTAXIN, granulocyte macrophage colony-stimulating factor (GM-CSF), interferon (IFN)-γ, interleukin (IL)-1α, IL-1β, IL-2, IL-4, IL-3, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p40, IL-12p70, leukemia inhibitory factor (LIF), IL-13, LIX (C-X-C motif chemokine 5 or CXCL5), IL-15, IL-17, IFN-γ-induced protein 10 (IP-10), keratinocyte chemoattractant (KC), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein (MIP)-1α, MIP-1β, macrophage colony-stimulating factor (M-CSF), MIP-2, MIG (C-X-C motif chemokine 9 or CXCL9), RANTES (C-C motif ligand 5 or CCL5), vascular endothelial growth factor (VEGF), tumor necrosis factor (TNF)-α. Plates were run on a Bio-Plex MAGPIX™ Multiplex Reader with Bio-Plex Manager™ MP Software (Luminex, Austin, TX). Each cytokine/chemokine concentration was calculated as pg/ml.
Histopathology
The pancreas from NOD males and females were collected, mounted on a cassette, and stored in 10% formalin for histological analysis. Hematoxylin and eosin (H&E) staining was performed and the slides were reviewed in a blinded manner by a board-certified veterinary pathologist for any pathological changes (Score 0 = no insulitis, Score 1 = peri-islet insulitis, Score 2 = intermediate insulitis, Score 3 = intraislet insulitis, and Score 4 = complete islet insulitis).
DNA extraction for gut microbiome analysis
The feces were collected from individual mice 4 months after initial GEN dosing, transferred to 500 μL Eppendorf tubes and kept in a −20°C freezer. For each animal, a total of 4-5 fecal pellets (weighed from 80 to 120 mg) were used to ensure proper homogenization and DNA concentration. On the day of DNA extraction, the fecal samples were thawed on ice, and the DNA was extracted using QIAamp DNA stool mini kits (Qiagen, Valencia, CA) following manufacture protocols. Briefly, the fecal pellets were homogenized by vortex, and lysed with proteinase K to digest protein. The bacterial DNA was then bound to silica membrane, washed in ethanol to remove residual protein and salt, and eluted in Tris buffer. Typically, 15-60 μg DNA was yielded in each sample.
Library preparation and sequencing
On a polymerase chain reaction (PCR) plate, the extracted DNA was normalized to 20 ng/μL at Georgia Genomic Facility (GGF). The locusspecific primers (forward: 16S_341_F, and reverse: 16S_785_R) were used to target the V3-V4 region of 16S rRNA ( Table 2 ). The Read 1 and Read 2 sequencing primers were Illumina-specific iTru_R1_5′_fusion and iTru_R2_5′_fusion. In addition, a total of 20 internal tags ranging from 5 nucleotides (NTs) to 8 NTs long were used; 8 of them were the forward fusion primers and 12 the reverse fusion primers (Table 2 ) (Glenn et al., 2016) . Following the preparation of Taggi-matrix library, the PCR mix (Kapa Biosystems, Inc., Boston, MA) was added, together with forward fusion primers (including the Read 1 sequencing primer, Read 1 tag, and forward locus-specific primer) and reverse fusion primers (including the Read 2 sequencing primer, Read 2 tag, and reverse locus-specific primer). Different samples were distinguished by 20 tags (Table 2 ). The first round PCR was conducted with 25 cycles.
The PCR amplicon was run on a 1.5% agarose gel to check the integrity of the PCR bands at 550 bp. Then, the PCR amplicon aliquot (10 μL per DNA sample) was purified with Speedbeads and quantified on Qubit, and the second round PCR was performed using Illumina iTru5 primer and iTru7 primer. The PCR products were purified with Speedbead, run on the 5% agarose gel, quantified, and sequenced on Illumina Miseq (Illumina Inc., San Diego, US) with 500 cycles, resulting in pairend 250 bases to target 25,000 reads per sample.
Bioinformatic analysis
The bioinformatic analysis was performed as described (Lefever et al., 2016) . Briefly, the Read 1 and Read 2 sequence files from each sample were first merged, demultiplexed (a process that removes the internal tag and primers), and filtered with Phred Quality Score of 20, allowing for an error rate of 1 in 100. The subsequent analysis was performed on Quantitative Insights Into Microbial Ecology (QIIME) version 1.7.0, a pipeline that worked with high-throughput 16S rRNA sequencing data (Caporaso et al., 2010) . The pick_de_novo_otus.py workflow was applied to pick Operational Taxonomic Units (OTU), align the representative sequence set, assign taxonomy, and build a phylogenetic tree and OTU table at the time (Caporaso et al., 2010) . Subsequent core_diversity_analysis.py workflow was applied to determine α (within sample) and β (between samples) diversity after the OTU table was rarefied to a depth 80% of the minimum read per sample. The α diversity metrics used were phylogenetic diversity (PD) representing the genetic diversity and Shannon index representing both richness and evenness. The β diversity metrics used were unweighted and weighted Unifrac (a distance metric that takes account the abundance of each sample), and the principle coordinate analysis (PCoA) was conducted to visualize the phylogenetic distance between different samples with unweighted and weighted Unifrac. Further, the jackknifed β diversity analysis was performed to account for the uncertainty of the data at a depth 80% of the minimum read per sample, and it was repeated 999 times. The Linear Discriminant Analysis (LDA) Effect Size (LEfSe) analysis was performed to identify the taxa that were significant between groups on the website: http://huttenhower.sph.harvard.edu/galaxy, and the differential features identified at both the order and the genus levels. The LEfSe analysis was performed under the following conditions: (a) the α value for the factorial Kruskal-Wallis test and pairwise Wilcoxon test among classes was b 0.05, and (b) the threshold on the logarithmic LDA score for discriminative features was N2.0. A critical value of 0.05 was applied throughout the bioinformatic analysis.
Statistical analysis
Dunnett's test was used to compare the means among treatment groups when the equal variance assumption was met; otherwise, and Wilcoxon test was performed to compare the means. Likelihood ratio test was used to compare the diabetes incidence, and Student's t-test was used to compare the abundance of taxa between treatment groups. JMP Pro 11 (SAS Inc., Cary, NC), R 3.3.1 (R Core Team, 2013), and GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA) were used for statistical analysis and data visualization. In addition, non-parametric t-test was used to test the statistical significance for α diversity, and Analysis of Similarities (ANOSIM) for β diversity. In addition, the linear correlational analysis was performed within each pairs: BGL in males or days to develop hyperglycemia in females, and variables that were found to be significant between GEN and VH. The Pearson' correlation was performed to measure the strength of correlation, and the P-value, altogether with a 95% confidence interval, were provided.
Results
Blood glucose measurements and glucose tolerance test in males and females
We first determined the effect of GEN on BGL when the mice were maintained on soy-based diet. As depicted in Fig. 1 , GEN treatment in males produced a decrease in BGL with a significant change observed on day 98 following initial dosing (Fig. 1A) . The protective effect of GEN was further supported by GTT results in which the fasting BGL and 120-min BGL in GEN-treated males were significantly lower than the control, showing an improved metabolic function (Fig. 1B) . No males developed T1D during the study according to the criteria defined in the Section 2 (Methods). In females, a numerical (P N 0.05) decrease in BGL (Fig. 1D ) and an improvement in the glucose tolerance (P N 0.05; data not shown) were observed; however, GEN exposure significantly delayed the onset of T1D (Fig. 1E ) within three months of treatment. Taken together, the results showed that GEN decreased BGL in NOD males and delayed T1D onset in NOD females.
For male NOD mice fed with soy-free diet, no difference in BGL was observed throughout the study (data not shown); however, the GTT showed a similar protective effect in GEN-exposed males as those fed with the soy-based diet (Fig. 1C) . In our previous study, adult GEN exposure delayed the T1D onset in female NOD mice when fed the soy-free (Guo et al., 2015) . In this study, a similar numerical decrease (P N 0.05) in BGL was observed in female mice on soy-free diet (Fig. 1F ) as those fed with soy-based diet. Taken together, adult GEN exposure produced a protective effect in both male and female NOD adults independent of diet. 
GEN alteration of gut microbiome in males and females
The gut microbial taxonomy was firstly characterized to determine if GEN exposure altered the compositional structure of gut microbiome. Fig. 2A shows the identified gut bacterial strains assigned at the phylum level from 16S rRNA sequencing in NOD males, with each color representing an individual bacterial phylum. Phylum Bacteroidetes represented 58.6% of the total bacteria in the VH group; while in GEN group, it represented 67.8% of the total taxa. Firmicutes/Bacteroides (F/B) ratio was decreased following GEN treatment; however, it did not reach the level of statistical significance. Both the PD whole tree and chao1, indexes of α diversity that reflected the genetic diversity of the communities under study (Lozupone and Knight, 2008) , were not significantly altered by GEN treatment (data not shown). In addition, GEN treatment did not show a clear pattern on the unweighted Unifrac, an index of β diversity (data not shown). However, when taking difference in abundance into account using weighted Unifrac (Fig. 2B) , the gut bacteria communities in the VH and GEN groups were well separated, with 55.1% and 25.32% variation explained by principal component (PC) 1 and PC2, respectively. The weighted Unifrac result is supported by ANOSIM (P b 0.05 with 999 permutation), which suggested the difference in the gut microbiome induced by GEN exposure was readily observable and well differentiated. Moreover, when the microbial taxa at the genus level were compared, GEN treatment increased Prevotella, and decreased Alistipes and Blautia in terms of relative abundance (Fig. 2C) , suggesting a protection against T1D (Brown et al., 2011; Qi et al., 2016; Murri et al., 2013) .
Among NOD females, the abundance of taxa in individual animals at the phylum level was not significantly altered. Phylum Bacteroidetes represented 68.5% of the total bacteria in VH group, while it represented 79.0% of the total bacteria in GEN group. The taxonomy at the phylum level did not exhibit a significant change (Fig. 3A) . Neither Unweighted Unifrac (data not shown) nor weighted Unifrac (Fig. 3B) showed a clear separation by treatment (P N 0.05). However, three taxa at the order level (Fig. 3C ) and six at the genus level (Fig. 3D) were significantly increased following GEN treatment, suggesting a pro-inflammatory effect (Qi et al., 2016; Furet et al., 2010; Schwab et al., 2014; Yang et al., 2015) . In addition, we have found that two diets used in this study had a differential effect (indicated by α-diversity, β-diversity, and taxonomy) on gut microbiome in VH females, which is in agreement with previous literatures (Ravussin et al., 2012) .
As the alteration in gut microbial species in NOD females maintained on soy-based diet suggested a pro-inflammatory instead of an anti-inflammatory effect of GEN, the gut microbiome in the females maintained on soy-free diet were also sequenced. The β diversity and taxonomical changes did not show any significant differences among groups of females on the soy-free diet (Fig. 4A-B) ; whereas one taxa at the order level (Fig. 4C) and two taxa at the genus level (Fig. 4D) showed differential abundances between VH and GEN groups, in agreement with the data from mice maintained on the soy-based diet.
Serum antibody levels in males and females maintained on soy-based diet
As a reflection of alterations in immune homeostasis, serum antibody levels were measured using ELISA (Fig. 5) . GEN exposure significantly decreased the IgG 2b production (Fig. 5B) among NOD males while the levels of IgG 2a , IgM and IgG 1 remained unchanged (Fig. 5A,  C, D) . Among females, an elevated IgG 2a level (Fig. 5E ) was observed following GEN exposure, while no differences were found for IgG 2b , IgM, and IgG 1 (Fig. 5F-H) . Serum IgG 2a levels in females was positively associated with days to develop hyperglycemia (BGL ≥ 250 mg/dL).
Serum cytokine/chemokine levels in males and females maintained on soy-based diet
To further determine the systemic alterations in immunological response, we measured the levels of cytokines/chemokines in NOD males and females. Among the 32 cytokines/chemokines (Table 3), those that had significant changes following GEN treatment are as follows. GEN induced a decrease in GM-CSF (24.4%), IFN-γ (22.9%), IL-5 (63.7%), IL-10 (54.7%), and MCP-1 (72.2%) among males, suggesting an overall anti-inflammatory effect. However, an increased level in GM-CSF (2.2-fold), IL-1α (2.2-fold), LIX (2.2-fold), and MIP-2 (1.6-fold), G-CSF (1.8-fold), IL-1β (2-fold) and TNF-α (1.5-fold) was found among females following GEN treatment, suggesting a proinflammatory effect. Take together, the serum levels of cytokines/ chemokines suggested that GEN had a differential effect on the immune system in NOD males and females.
Body weight and pancreatic histopathology
Body weight was not changed for both NOD males and females on soy-based diet throughout the study (data not shown). No difference was found for the terminal body and organ weights except for an increased liver weight at 9.2% (1079.2 g in VH vs. 1178.6 g in GEN) following GEN exposure among GEN females. In mice fed with soy-free diet, no significant changes in body weight and organ weights were found at euthanasia (data not shown). With regards to the pathological changes, 25% of males exposed to VH showed severe insulitis (with an insulitis score of 3+) whereas none of the males exposed to GEN showed severe insulitis (P N 0.05). The representative images of insulitis were presented in Fig. 6 . Among females, 20% of the mice in both VH and GEN group showed severely insulitis (data not shown). In addition, no difference in serum insulin level was observed (data not shown). Fig. 7 illustrates the relationships between pairs of the variables that were significant by Pearson's correlation. In NOD males, the increase in BGL is associated with increased levels of GM-CSF (Fig. 7A), IFN-γ (Fig. 7B) , Alistipes (at the genus level, Fig. 7C ), and a decreased Provetella (at the genus level, Fig. 7D ). In females, no correlation was found between hyperglycemia development and antibody/cytokine/chemokine levels, whereas two OTUs at the genus level, Enterocccus (Fig. 7E) and Escherichia (Fig. 7F) , were negatively associated with days to develop hyperglycemia (BGL ≥ 250 mg/dL) in females.
Correlational analysis
Discussion
The prevalence of T1D, previously referred to as "juvenile diabetes", is alarmingly increasing in the US (1.25 million in American children and adults as in the year of 2012, American Diabetes Association) (American Diabetes Association, n.d.). In comparison, the low incidence of T1D in Asian countries coincides with the high consumption of soybased diet, with the intake of soy food at a level of 36 g/d (HilakiviClarke et al., 2010) . Our previous studies showed that GEN treatment induced a decreased BGL in STZ -treated adult male B6C3F1 mice (Guo et al., 2014 ) and a delayed onset of T1D in female NOD mice (Guo et al., 2015) . Gut microbiome has a "cross-talk" with mucosal immunity (Purchiaroni et al., 2013) , and is closely associated with T1D risk de Goffau et al., 2013; Dietert, 2014) . To our knowledge, our study is the first to evaluate the GEN effect on gut microbiome in vivo, and relates it to immunological changes and T1D occurrence.
In our previous studies with different diets, we have found that NOD mice maintained on the soy-free diet developed T1D faster (data not shown). In our male NOD mice, the development of T1D was slower (0% by 6 months of age) than the rate reported in literature (20 to 30%), which might be due to the protective effect of soy in the soy-based diet, with an isoflavone level range of 237-655 ppm (Table 1) . In this study, it is assumed that the food intake of a 25 g mouse is 2 g; thus, the dietary intake of isoflavone is approximately 18.96-52.4 mg/kg BW. We used blood glucose measurement as the major readout in males. We were able to make a precise measurement of non-fasting BGL as we have kept the measuring time consistent (around noon on the day of measurement) as well as fasting BGL as we followed the 15-h fasting protocol (Ayala et al., 2010) . In addition to a decreased BGL, we observed an increased glucose tolerance among NOD males following GEN exposure, which is in agreement with our previous studies in STZ -treated male B6C3F1 mice (Guo et al., 2014) and has been confirmed by others (Weigt et al., 2015) .
T1D was found to closely associate with the diversity and abundance of taxa in gut microbiome in both human epidemiological studies (Mejía-León et al., 2014) and animal studies (Hansen et al., 2012; Hu et al., 2015; Patterson et al., 2015) . Although no alteration in β diversity was observed between sexes in our study (data not shown), a significantly different gut microbial taxonomy between male and female NOD mice was noted (data not shown), which suggested the sex effect on T1D might be due to gut microbiome (Markle et al., 2013) . Patterson et al. investigated the gut microbiome changes in STZ-induced T1D in male Sprague-Dawley rats, and found a reduced α-diversity and F/B ratio while a change in β diversity (Patterson et al., 2015) . In our study with male NOD mice, we found that GEN exposure had a significant effect on β diversity when accounting for the abundance of taxa (e.g., weighted Unifrac), although the effect on F/B ratio was not significant. In addition, the increased Prevotella as well as decreased Alistipes and Blautia at the genus level following GEN exposure in NOD males were all in accordance with a reduced T1D risk and an anti-inflammatory status (Brown et al., 2011; Qi et al., 2016; Murri et al., 2013) . Further evidence that adult GEN exposure induced anti-inflammation in NOD males included a reduced IgG 2b level (Ichikawa et al., 1999) and the cytokine/chemokine profiles with reduced GM-CSF, IFN-γ, IL-5, and MCP-1 levels. MCP-1 was found to be higher in T1D cases (Ismail et al., 2016) .
As an immune modulatory cytokine, GM-CSF could exacerbate autoimmune diseases in inflammatory microenvironments (Bhattacharya et al., 2015) . IFN-γ induces pancreatic β cell apoptosis through STAT1-mediated Bim protein activation and exacerbates T1D (Barthson et al., 2011) . In spite of the protective effect of GEN on T1D among females, increased Erysipelotrichaceae (Schwab et al., 2014) , and decreased Escherichia (Furet et al., 2010) , Lachnoslira (Qi et al., 2016) , Firmicutes (other genus) and Enterococcus (Yang et al., 2015) at the genus level suggested a pro-inflammatory status in our GEN-treated NOD females. At the order level, increased Erysipetotrichalae (Schwab et al., 2014) and Clostridia (other order), and decreased Firmicutes (other order) also indicated an exacerbating effect of T1D. The notion that GEN is pro-inflammatory in females is further supported by increased levels of cytokines/chemokines in GEN-treated NOD females when compared to the control, including GM-CSF, IL-1α, LIX, and MIP-2, G-CSF, IL-1β, and TNF-α (Barthson et al., 2011; Navarro-Gonzalez and Mora-Fernandez, 2008; Lewis et al., 2011; Schirmer et al., 2016) . It was suggested that sex has a strong effect on IL-1β, while gut microbiome has more effect on TNF-α (Schirmer et al., 2016) . In fact, GEN also showed a pro-inflammatory response among female B6C3F1 mice in our previous studies (Guo et al., 2001; Guo et al., 2007) . Therefore, GEN exposure led to a protection on T1D among NOD females, which could not be explained by the pro-inflammatory status as represented by gut microbiome, antibody and cytokine/chemokine profiles.
The protective effect of GEN on T1D in NOD females could be due to direct inhibition of insulitis, increased insulin receptor expression (Bhattacharya et al., 2015) or up-regulation of hepatic glucose-6-phosphate dehydrogenase (G6PD) activities (Choi et al., 2008) . However, these effects were observed in both females (Choi et al., 2008) and males (Zimmermann et al., 2012) . It has been reported that T1D is gender-specific, and phytoestrogens like GEN can exert estrogen-like effects (Gilbert and Liu, 2013; Barrett, 2006) . There is evidence that estrogen receptor (ER) agonist (such as phytoestrogen) could reduce the risk of diabetes in animals . Thus, GEN might function as an ER agonist in female NOD mice in which the estrogen level is relatively low by preserving the pancreatic β cells (Gilbert and Liu, 2013; Choi et al., 2008; Fu et al., 2010) and regulating insulin-secreting pathways (Liu et al., 2006) . In addition, it was possible that a decreased Enterobacteriaceae at the order level (Soyucen et al., 2014) and elevated IgG 2a could have a protective effect on T1D (Todd et al., 1998) in GEN- treated NOD females, as IgG 2a antibodies might non-specifically delay the onset of diabetes in female NOD mice (Todd et al., 1998) .
With regards to glucose regulation, Weigt et al. showed that GEN improved glucose tolerance in female rats using a GEN dosage that was twice as ours. In our current study with NOD females, GEN exposure at 20 mg/kg produced a later onset of T1D but had no significant effects on glucose tolerance (Weigt et al., 2015) . This amount of GEN in a mouse is equivalent to a human clinical trial dose (approximately 100 mg/day) in terms of milligram/square meter of body surface that usually gives more accurate interspecies extrapolation (Hooper and Macpherson, 2010) . Interestingly, no glucose tolerance improvement was found among Chinese women who used a dose of 50 mg GEN daily for 6 months in an epidemiological study . It is possible that adult GEN exposure at physiologically relevant doses can decrease T1D incidence but not BGL in females; however, further epidemiological studies are needed to confirm this.
This study also has some limitations. First, the implicated causal relationship in the immunity-microbiome-T1D was not studied, and thus it is important to carry out approaches involving fecal transfer, immune reconstitution in severe combined immunodeficiency (SCID) mice, and antibiotic treatment to deplete microbiome or germ free mice in the future. Secondly, only one time points along the course of T1D development was shown in the study, which limited our ability to study the sequential events of immunological alteration and microbiome changes with the progression of T1D. In addition, with the use of soy-based diet, it was difficult to exclude the confounding effects of daidzein and glycitein, as their average concentration is 175.1 ppm and 37.8 ppm, respectively, compared to 191.9 ppm for GEN concentration. Therefore, a mixture study by combining GEN with daidzein and/or glycitein will help further elucidate the underlying mechanisms of action.
Overall, our studies suggested that the GEN exposure is associated with alterations in both gut microbiome and immune responses. An intricate interaction between microbiome and immunity, especially mucosal immunity, has been suggested in multiple studies through production of mucin, antimicrobial peptides, and cytokines (Hooper and Macpherson, 2010) . In our study, GEN-mediated gut microbiome alterations, together with immunological changes, were pro-inflammatory in NOD females and anti-inflammatory in NOD males. Further investigations should be carried out to determine the causal relationship among the estrogen-microbiome-immune consortium, and if GEN protection of T1D is through microbiome-mediated immunomodulation. This study will serve as a model to study exposure to natural products and prevention of autoimmune diseases.
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